Various natural and anthropogenic processes influence heavy metal concentrations within estuaries. In situ, time-integrated DGT measurements made over concurrent tidal phases found significantly higher concentrations of Cu (probability-p = 0.017), Zn (p = 0.003) and Ni (p = 0.003) during the flood phase, because the incoming tide passes several point sources. DGT-reactive Cu concentrations significantly decreased with increased tidal-flushing and vice versa within a marina (correlation-r = -0.788, p = 0.02). DGT measurements also recorded significant increases in Cu (4 out of 4 sites, p < 0.001) and Zn (3 out of 4 sites, p  0.015) after a 24 mm rainfall event. Finally, DGTreactive Cu increased significantly (p < 0.001) during peak boating times, due to increased numbers of Cu-antifouled boats. This study demonstrates that, with judicious selection of deployment times, DGT measurements enable changes in heavy metal concentrations to be related to various cycles and events within estuaries.
or equilibrate the analytes to enable measurement, discrete in situ measurements can usually be made more frequently (e.g. nine discrete measurements are made over the deployment period of the hypothetical data compared with four deployments for the time-integrated approach). The discrete techniques, like conventional grab samples, provide a measurement of the analyte concentration only at the time of measurement. In Figure 1 these points are joined, as they are typically shown, although no information is known about the analyte concentration between the measurements.
The time-integrated measurement provides very different information, as the monitoring devices are deployed continually in the water, with the analyte species accumulated by diffusion and chelation, ion exchange or partitioning. In the case of the DGT technique, analyte species diffuse across a layer of defined thickness (the diffusive layer, which is usually made of polyacrylamide hydrogel covered with a protective membrane) followed by strong binding to a binding layer (usually Chelex-100 resin cast within polyacrylamide hydrogel) (Davison et al., 2000) . When measuring heavy metals, DGT selectively accumulates free metal cations, simple inorganic complexes and labile metal-NOM (natural organic matter) complexes in a highly operational but reproducible manner (Zhang and Davison, 2000; Twiss and Moffett, 2002; Dunn et al., 2003; Scally et al., 2003; Li et al., 2005) . The measured species have therefore been described as DGT-reactive or DGT-labile.
The binding layer is removed in the laboratory and measured, with the amount of analyte quantified by a relationship derived from Fick's First Law of Diffusion (DiGiano et al., 1988) , widely known now as the DGT equation (Davison et al., 2000) .
One value, as indicated in Figure 1 by a flat line across each of the four DGT deployment periods, shows the average analyte concentration for each deployment.
With this approach, all changes in concentration that are longer than the time scale of 21 22 23 24 response for DGT will influence the final time-averaged measurement (Scally et al., 2003; Sigg et al., 2006) , although no information is given about when the changes occurred or the extent of the change.
The advantages of continual in situ measurement are therefore readily apparent. The sample of discrete data given here indicates that only general changes in analyte concentrations are observed, whereas the time-integrated data seems to indicate only the broadest of trends. Of course, both approaches (2) and (3) allow for measurements to be made at increased frequency, which will provide better quality information. This choice of measurement frequency is crucial when developing a monitoring program. Figure 1 demonstrates the relative amount of information obtained by each of the three approaches. The challenge for researchers of time-averaged measurements, like the DGT technique, is to demonstrate how it can be best used to investigate aquatic processes, in particular within dynamic systems.
Estuaries are the most dynamic aquatic system, with many natural or anthropogenic influences causing changes in heavy metal concentrations. The purpose of this study was to determine whether time-integrated, in situ DGT measurements could be used to monitor changes in various heavy metal (Ni, Cu, Zn, Pb) concentrations in response to four processes/conditions: tidal cycles, tidal flushing, urban stormwater run-off, and number of vessels with Cu-antifouled hulls. 
Materials and methods

Description of study location
Field sampling design
Investigation of the effect of tidal cycles on Cu, Zn, Ni and Pb concentrations measured by DGT occurred over 3-6/12/2001 at Ephraim Island. DGT probes (n = 3) were deployed, using sampling systems described by Dunn et al. (2003) , during four near-consecutive high tide, low tide, ebb tide and flood tide phases, respectively, for 6 h each time. The three DGT probes were then re-used for three subsequent, same tidal phases, making an overall accumulation period of 24 h for each DGT. were deployed consecutively for 3-4 days over a four-week period. Recreational boats estimated to be using Cu-antifouling paint were counted for every 4 h during the 24 h deployment at each site using an approach described in Warnken et al. (2004) . The results are shown in Table 1 , which supported past observations. During each sampling period, water temperature, pH, dissolved oxygen and specific conductance were measured in situ and recorded with a multi-probe analyser (TPS 90-FLMV model, TPS Pty. Ltd.) at a depth of approximately 1 m. Turbidity was recorded on-site using a nephelometric turbidity meter (2100 Turbidimeter, HACH). Rainfall conditions and tidal level were also recorded during each sampling event. Trace analysis cleaning and handling techniques were used throughout this study.
General experimental
All water used in this study was deionised (Milli-Q Element). All plastic-ware and glassware (gel casting plates only) were acid-washed in 1:10 nitric acid (Analytical Grade) followed by thorough rinsing with water. Suprapur nitric acid (Merck) was used for preserving samples and standards and for eluting metals from the DGT binding layer. All cleaning, solution preparation and sample handling were undertaken wearing disposable powder-free gloves (Flexi).
Preparation and measurement of DGT devices
Sheets of polyacrylamide hydrogel, used for the diffusive layers, were prepared as described previously (Dunn et al., 2003) , with 0.05 cm thick spacers. These sheets were hydrated and washed in water and stored in 0.01 M NaNO 3 . Sheets of polyacrylamide hydrogel containing Chelex-100 resin (Bio-Rad) (the binding layer), also prepared as described previously (Dunn et al., 2003) , were hydrated, washed and stored in water.
Discs of 2.5 cm diameter diffusive and binding layers were cut from the respective sheets and incorporated into DGT probes as described in Dunn et al., (2003) , along with 0.45 µm cellulose nitrate membrane as a protective cover.
DGT probes were deployed using an apparatus described in Dunn et al., 2003 . The exact deployment time was recorded, along with the average water temperature for each deployment period. Upon return to the laboratory, the probes, including ones used as blanks (approximately 10% of the total number), were disassembled and the binding layer placed in a microcentrifuge tube.
The binding layers were eluted in 1 mL of 1 M HNO 3 for 24 h. The binding layer was then removed from the eluent solution, followed by a three-or four-fold dilution of were repeated. The mass of accumulated metals was measured and thus the DGTreactive metal concentrations in the waters were calculated using the DGT equation: (DiGiano et al., 1988; Davison and Zhang, 1994; Davison et al., 2000) .
Where, C (ng cm ) is the diffusion coefficient of the free metal ion in the diffusion gel (DGT Research, 2003) , which is derived from the free ion diffusion coefficients in sea water (Li and Gregory, 1974) , at the average temperature over the deployment period. 
Results and discussion
Effect of tidal cycles on DGT measurements
DGT-reactive Cu, Zn, Ni and Pb concentrations measured during four nearconsecutive high, low, flood and ebb tidal phases at Ephraim Island are given in Figure   3 . The four deployments of 6 h each allowed the metals to accumulate to a level that was readily measurable, equivalent to a 24 h deployment. With this sampling program there was an overlap of approximately 3 h between adjacent tidal phases (i.e. the first 3 h of the high-tide measurement overlapped with the last 3 h of the flood-tide measurement and the last 3 h of the high-tide measurement overlapped with the first 3 h of the ebb-tide measurement, and so on). Even with these factors, it is apparent from The outgoing tide brings water from the nearby Coomera River past the site, which also has a lot of development, including canal estates and stormwater drains, but may also flow from north of Ephraim Island where there are fewer potential metal sources nearby.
Effect of tidal flushing on DGT measurements
The DGT-reactive Cu concentrations at Runaway Bay Marina (B), Marine Stadium Runaway Bay Marina, in particular. This may be due to the relative depth of each site.
Effect of stormwater run-off on DGT measurements
DGT-reactive Cu, Zn, Pb and Ni concentrations (Table 2) Bertrand-Krajewski, et al., 1998; Delectic, 1998) .
In general, increased DGT-reactive metal concentrations were observed during the rainfall deployment for Cu (4 out of 4 sites), Zn (3 out of 4) and Ni (4 out Cu increases was greater than 40% whereas, for Zn, all three increases were greater than 40%.
The tidal flushing was estimated at each of these sites, as above, in case these trends in Cu and Ni DGT measurements could be explained by tidal exchange.
However, the cumulative tidal difference for 48 h around the rainfall deployment was 4.53, a high value indicating that there was a high rate of tidal exchange, which would have decreased the concentrations, not made them higher. Also the tidal exchange was much lower during the no-rainfall deployment (2.59 m). These results suggest that the main influence on the two deployments was rainfall run-off.
Run-off and associated pollutant loads from urban watersheds originate from both pervious and impervious surfaces. The amount of pollutant transported to receiving bodies by rainfall depends on the characteristics of the various surfaces present, the amount of pollutant accumulated during the preceding dry period and the energy of the runoff (Harrison et al., 1985; Hamilton et al., 1987; Stotz, 1987; Dannecker et al., 1990; Hvitved-Jacobsen and Yousef 1991; Hewitt and Rashed 1992; Vaze and Chiew 2002) .
Each of the four sites monitored had stormwater drains and extensive impervious surfaces in their run-off 'catchments'. The observed increases in metal concentrations during the rainfall are assumed to be a direct result of urban and highway run-off, where vehicles deposit metal residues in addition to metal leaching from sealed surfaces (Gnecco et al., 2005; Kim et al., 2005) . Other terrestrial non-point sources may also have been contributing factors in the observed increase in metal concentrations. 
Effect of antifouled boat numbers on DGT measurements
Cu, Zn, Ni and Pb concentrations were measured over 24 h periods, in months with typically different boat numbers within the Gold Coast Broadwater. Table 1 shows that the mean number of antifouled vessels recorded during the peak boating seasons at six anchorages were, in every case, higher than the numbers recorded at each anchorage outside of the peak boating season. Comparisons made between the DGT-reactive metal concentrations measured at each sample location are shown in Table 3 . It is apparent that only Cu concentrations increase at all sites. 2-way ANOVA tests ( = 0.05, df1 = 5, df2 = 24) confirmed that there was a significant difference between the peak and nonpeak Cu concentrations (p <0.001). LSD post-hoc tests determined that the Cu increases at Ephraim Island, Marine Stadium, Tipplers Passage and Dux Anchorage were each significant (p 0.004). The two sites that did not have significant increases in Cu concentrations (Wavebreak Island and Curtis Anchorage) had both the smallest number of antifouled boats and the smallest increase in antifouled boat numbers. During these deployment periods, the effects of tidal flushing and rainfall were able to be excluded as having an influence on these results. These observations support the conclusion that the measured Cu was leaching from the antifouling paint on the boat hulls. These data has previously been analysed in a different way by Warnken et al. (2004) , but the same conclusion was supported.
The effect of possible changes in metal speciation, in response to the various aquatic events, on the operational DGT-reactive measurements needs to be considered. A change in the DGT-reactive metal concentration could be due to a change in the total metal concentration, with the various metal species remaining in proportion, or it could be due to a change in the speciation, without any change in total metal concentration.
Both types of changes are likely to occur together. For this study, it did not matter why the DGT-reactive metal concentrations changed, it only mattered that they changed in a statistically significant manner, in response to an event, and that the changes were able to be generally explained with regard to known effects of each event. If significant changes in the DGT-reactive concentration did not occur, then it was likely that no substantial changes in metal speciation or concentration occurred either.
Conclusions
These results demonstrate that, with judicious selection of the deployment period of the probes, changes in heavy metal concentrations due to estuarine events (stormwater run-off, recreational boating season) and cycles (tidal currents and flushing) were water quality study [1979] [1980] [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] [1991] [1992] [1993] [1994] [1995] [1996] [1997] [1998] 
